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Session QOutline

» Site Operations and Contaminants
 TCE Nature and Extent

« Contaminant Transport Processes

* Role of Diffusion

« Computer Representation of Plumes
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Areas of Operation at SSFL

Overall Property is 2,850 acres 3 miles x 1.5 miles

Undeveloped Land

NASA-administered:
Areal: 750 acres

Boeing-owned:

Area | 670 acres

Arealll 114 acres

Area IV 290 acres; DOE-leased 90 acres
Undeveloped Land - Boeing-owned 1,325 acres

Area ll: 400 acres



"é Frlmary Functions at SSFL

Rocket Engine Testing for NASA

* 1949-2006

e Six Test Stands — 17,000 Rocket Engine
& Component Tests

e Last test March 3, 2006

Nuclear Research & Liquid

Metal Research for DOE
* Nuclear Power Research: 1956- 1983

* Ten reactors 3
* Sodium component test facilities
e DOE Program ends 1988
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= % . Environmental Investigations

 Contaminants found on-site:

solvents, metals, perchlorate, petroleum hydrocarbons, mercury,
dioxin, furans

 Surface water, soil, bedrock, groundwater:
all being addressed in separate programs

* Monitored surface water outfalls surround site
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tion of Mapped Alluvium
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Estimated from more than 8,000
soil matrix and soil vapor borings.
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adia Investigation Groups
and Sites

* Soil and groundwater RCRA cleanups e 13 Interim Measure clean ups completed

e 135 Source areas under investigation e > 70,000 cubic yards of soil remediated
* 11 investigation reports under agency review o 5 209 000 soil samples taken
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> 20,000 locations sampled



Areas recommended for corrective measures study based on suburban residential land use



Thpetmat e . How Did Contaminants
4 ! Sl Get Into SSFL Groundwater?

DNAPL Infiltration Leaching of Solids Water Infiltration

eptic System 1

A/:Jr FPVrT“j

Nitrate
Trichloroethene Perchlorate (ClO,) .

Chloride
Perchloroethene Metals ..

Tritium

Trichloroethane .
Dissolved Solvents



= <Extent of Key Groundwater

P - Contaminants




428 wells used to define extent of groundwater contamination



Processes Influencing
Transport and Fate

How Contaminants Move - How Contaminants Change -
Transport Processes Reaction Processes
» Advection (Flow) « Sorption
— Groundwater — Adsorption
— DNAPL — Absorption
* Molecular Diffusion « Chemical Reactions

 Biological Reactions

Radioactive Decay



DNAPL
Dense Non - Aqueous Phase Liquid

DNAPL’s = sinkers

LNAPL's = floaters
(petroleum products)




Air

Table Salt in Jar

Water
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1

Added Water

Water & Salt

1

Salt
Dissolving

Water & Salt

1

Saturation



Dissolution and Diffusion

1 Liter of Water

N—_ ]
Tdiffusion
o \ /

1

Sugar
Sucrose

o
N—_

A
\/

Tdiffusion

f

Table Salt DNAPL
NaCl TCE



Solubility

Maximum Concentration Achieved

N
S

2,000,000 mg/L

1 Liter of Saturated Solution

1 1

Sugar Table Salt DNAPL
Sucrose NaCl TCE




TCE will dissolve in water and can be
measured over a large range of
concentrations

Concentrations measured above the
solubility limit (1,100 mg/L) indicate the
presence of DNAPL



Jissolution and Diffusion in Water
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Due to DNAPL

Dissolved

Perchlorate ~ Dissolved TCE  TCE DNAPL

i | Detection
Limits
h‘(MCL)

#







Groundwater
Flow Direction




Tritium

Perchlorate




‘Transect Approach

Transect is a vertical slice

Groundwater
Flow Direction




* 4 VenturalCountyi
LosFAngeles . County

e

. _ SSFL Rock Core VOC
'Miles Faults Deep Cored —— Cross-Sections NE Plume Coreholes

® Monitoring Wells @  Shallow Cored Site Polyline




Source Zone Transect

.-_"*, :‘ Groundwater
-~ | Flow Direction




Total Equivalent Porewater Concentration along Source Zone Transect

Concentration averaged over 20 ft intervals (ug/L Porewater)
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Most of the contaminant mass Is
in the upper 200 feet

The width of the source zone is
less than 1400 feet

Concentration distribution is
influenced by geology



* 4 VenturalCountyi
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. _ SSFL Rock Core VOC
'Miles Faults Deep Cored —— Cross-Sections NE Plume Coreholes

® Monitoring Wells @  Shallow Cored Site Polyline




Groundwater
Flow Direction



Total Equivalent Porewater Concenftration along Plume Transect

Concentration averaged over 20 ft intervals (ug/L Porewater)
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* 4 VenturalCountyi
LosFAngeles . County
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. _ SSFL Rock Core VOC
'Miles Faults Deep Cored —— Cross-Sections NE Plume Coreholes

® Monitoring Wells @  Shallow Cored Site Polyline




Groundwater
Flow Direction




Elevation in ft AMSL
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Total Equivalent Porewater Concentration along Plume Longsect
Concentration averaged over 20 ft intervals (ng/L Porewater)
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ncentrations Decline Rapidly with
- Distance from Source

Maximum Equivalent TCE along Longsect
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Plume concentrations decline rapidly with
distance in the direction of groundwater flow
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Key Finding

Most of the contaminant mass is
close to where it went into the
ground.



Processes Influencing
Transport and Fate

How Contaminants Move - How Contaminants Change -
Transport Processes Reaction Processes
» Advection (Flow) « Sorption
— Groundwater — Adsorption
— DNAPL — Absorption
* Molecular Diffusion « Chemical Reactions

 Biological Reactions

Radioactive Decay



a) EARLY TIME: INTERCONNECTED DNAPL

WATER IN
w CHEMICAL OUT
2 5

b) INTERMEDIATE TIME: DISCONNECTED BLOBS

Pc= PE

c) LATER TIME: DISSOLVED-PHASE ONLY

WATER IN

. CHEMICAL OUT

Parker et al., 1994




“De m Aqueous Phase Liquid

DNAPL Refers only to the immiscible liquid,
not the dissolved TCE

Water with
TCE DNAPL Dissolved TCE

Photo by B. Parke!ré




NAPL Flow Experiment
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\'h' During flow

PCE DNAPL residual
between rough-walled
glass plates

100 micron fracture




§o|ut|on and Diffusion

time =0

2b'

X A

disappearance

t =t

mas

% A

N> diffusion




% ~ 100 Mjcrons

. . 21 .
1 micron = 1/1000 millimeters

SSFL Measured Fracture Apertures: 70 to 100 microns typical



Matrix Porosity Recap

About 13 percent of the total rock
volume Iis matrix void space.

®_=0.13 (13%)




ater and SSFL Sandstone

TCE Diffusion Comparison (30 days) SSFL Sandstone
Water (free solution) SSFL Sandstone (R=2)
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l non-porous
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No Diffusion

With Diffusion

Freeze and Cherry, 1979




Key Finding

Diffusion of contaminants readily
occurs in sandstone and shale.



Advection

Darcy’s Law for Water Flow Q=KxAx (h,-h,)
L
(hy—h;) _ hydraulic gradient
L
R
\\\\ h2
/]
Q ()
Q = flow rate (gpm)
K = hydraulic conductivity
— L >

A = cross-sectional open area
h = pressure head



Molecular Diffusion

Fick’s Law for Diffusion

M = grams contaminant
per day

D = effective diffusion coefficient

A = cross-sectional open area

C = chemical concentration

(C,-C,)

M=DxAx(C,—-C,)
L

= concentration gradient




Transport and Fate

How Contaminants Move -

Transport Processes

* Advection (Flow)

— Groundwater
— DNAPL

Molecular Diffusion

How Contaminants Change -
Reaction Processes

« Sorption
— Adsorption
— Absorption

« Chemical Reactions
 Biological Reactions

Radioactive Decay
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Dissolved
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Water
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C4_334_A2 60x C4_334_A2 500x

SEM BSE Images of Thin Slices of SSFL Rock Core
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Sorption

TCE and other organic contaminants
readily sorb in Chatsworth
Formation rock matrix
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- <" "Rock Core Sampling to Find

Contaminants

CORE
LOCATION ROCK CORE TCE mg/L

0 1 10 100

<- hon-detect

".__,\_(’. fractures [+ core
| samples

~ b 1 >
= analyzed

‘. = —""'---:11
TR
T N 3
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5
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Fractures with
Diffusion halos

v Vv v ¥

¥




¥ rs

.
e

-

i
-“ < -
A——

Se—y.

42

IR
<Py
e fe—

i

A
-

\
il
A




e e +
R Cooh P 3
B ware

< s
» "
4*0;;'

ore Collection and Inspection

§\\] Core was collected in five

¥ o 13
o ! r

il 3 foot lengths




‘;_ e\ ‘

= o s L
N‘ﬂj\"\ S N X e
- Go e

5. Methanol
Extraction




‘_ Rock Porewater I
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| [
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120 I




Rock core data show a lot of
TCE mass in matrix

There is strong evidence that TCE as
DNAPL has completely dissolved
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s s it St from 6 Source Zones

00
g {" g :

7 g = g 3 s ]
lhwagcmDaﬁSO‘?OO? o : - B 1'18"\41'3‘2“‘66;\:‘\."0}11‘\4' 595]m
1y EX : . . ’ S 2 o i

a




Test
Stands

Smaller
Release
Areas

0

100

200

300

b
j=]
o

500

Depth (ft bgs)
[<2])
g

700

800

9200

1000

c8

50

100 -

150

n
o
[=]

Depth (ft bgs)
N
8

300

350

400

450

0.1 10

Porewater VOC (pg/L)

1000 100000 10000000

__!_ ‘ Al 4

©TCEJ
*TCE

/. eDCEJ
A cDCE

Porewater VOC (pg/L)

0.1 10 1000 100000
['aN .".“ + o, *
& + »
S 3.

f:
¥ |
IR
b [ M
B[ 0*
0@ o
Lot
P
<&
K §° |
G < TCEJ
+TCE 1
/. ¢DCEJ
A <DCE

150

]
[=]
[=]

Depth (ft bgs)
N
g

w
[=]
o

350

450

c7

50

100 -

150

200

250

Depth (ft bgs)

300

350

400

450

Porewater VOC (ug/L)

10 1000 100000

,ﬁ%ﬁw
A
‘0
. -
“ Lle -
s ® | Whiams o
e e TlRAl [TH A8 T«
15 Lol ®|®
&l og“ g A -
ez il
posi .

~TCE)

*TCE 1
£ ¢DCEJ
A cDCE

Porewater VOC (pg/L)

10 1000

100000 1000

.
3
G * Y
.
BT g
+**
i og VAN
el
o
o | B
ail <
< O. ‘
4|/
%xﬁ}." ©TCE
| s il
e »TCE
bl £ ¢DCEJ
AcDCE

0000

Depth (ft bgs)

c3

Depth (ft bgs)

50

100

150

[
=]
=]

N
w
o

300

350

400

50

100

150

200

N
%)
[=]

W
[=]
=]

350

400

450

500

Porewater VOC (ug/L)

0.1 10 1000 100000
ik (44l 22
->
. &
gl S
J LLin b . g N
[ 179
4% s+
P
g ”‘ 3.‘
* * i
el i
alle [T 28
sl »
© (&l %k‘
! *
o
RS
f -
bd o ailley
5 - WliN
oML, AL~
AT A
OO
= o |t S Alllaas e
0‘ + %’.. |
IE2)
. -
C..‘. lo "
*4
o‘ot‘ ]
L : 4
-, 30.’. o‘.
- - il BB < TCEJ
1 *TCE
g 2. ¢DCEJ
a\ M".“" A cDCE
Porewater VOC (ug/L)
0.1 10 1000 100000

o“ &
Uil &
-¢@§‘3;: Tesutt | Range
T *

Tt 11U LI LU
+
-
o ¥ U ¥
< * $o*
s T L L LR L

*
& w't‘ “$ STCES
*TCE
£ ¢DCEJ
A cDCE




-1 Drill Site

*

\ Building 206

C3 1 - * | Collection\ Pond




|magc|y-DalF’9



trations Decline with Depth

Depth in ft bgs

1200 1000 800 600 400 200

1400

> 7,000 Rock Core Samples in 20 Core Holes
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Over 7,000 rock core samples show highest
concentrations are shallow and diminish
strongly with depth



-Other Key Groundwater
Contaminants

Perchlorate
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Key Finding

TCE Diffusion in Sandstone at the SSFL (50 years)
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Diffusion of
contaminants
readily occurs in
sandstone and
shale and is a
very important
process at SSFL.



Key Finding

Nearly all the contaminant mass is in the rock matrix
between the fractures.

Initial Intermediate Now
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Red Siltstone
(Plainfield, NJ)
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Sean Sterling M.Sc. Thesis

Jen Hurley M.Sc. Thesis
| Amanda Pierce M.Sc. Thesis

| Laura Zimmerman M.Sc. Thesis

' | Pete Pehme PhD Student
 Jessica Meyer PhD Student
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ge 1: DNAPL Enters and Moves along
Fractures
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- -Stage 2: Inmobilized DNAPL
| ' Dissolves
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- Stage 3:'Dissolved TCE Moves along fractures and
S ey e diffuses into matrix
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= ""Stage4:No DNAPL remains and
e plume front slows

SSFL is in Stage 4
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hematic of TCE Plume at SSFL
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Does this observed contaminant
distribution make sense?
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The Laplace Transform Galerkin Technique for Large-Scale
Simulation of Mass ransport in Discmtc\y-ﬁactured Porous
Formations

EA. SUDICKY AND R.G. McLarex

Waterloo Centre. for Groundwater Research, University of Waterloo, Waterloo, Ontario, Canada

Abstract

The ability o simulste contaminant migration in Jarge-scale porous formations €0
Laining & complex. network of discrete fractures 1 Jimited by raditional modeling *p-
proad acanss of vas ansport irne-scalis in

vert thes? Laplace Transform
s extended fot application 1€ d'w.mly-lm:ued media with emphasis o0 Jarge-scale
modeling capabilities. The technique avoids time stepping s0d permits the w2 of &
elatively cosrse giid “without compromising accuracy because the Laplas-domain s>
Jution IS relatively smooth and devoid of discontinuities aven in admm-danimled
Further com| jonal efficiency for T p:oumu-mwmwm
- prgtondllumed. OR’THDMIN-‘Ccekﬂud jlorative solver. A unique feature
e u i

dispersive m

of dual-porcsity theoty 10 qopresent WAtH giffusion in regons where micro-fractures
axist below he modeling scale. An axample problem ivolving contaminant transport
through an aquitard into an undedying aquifst Jeads to the conclusion thst deop, o
seially udetoctetie fractures in clayey wquitands can greatly “ompromise \he QUality
of groundwater in the impacted aquier

Introduction

Itis considered advantageous 1o isolate hazardous waste substances in & hrdrogmhsical
environment composed of low-hydsanlic conductivity materials such as clay or intact rock.
1f the host formation i sufficiently tight, then mclecular diffusion, & relatively slow process,
becomes the dominant transport mechanism by which contaminants can escope @ waste
rapesitory and reach either the surface Vicsphere of a0 imderlying watsr supplY aquifer. A
transport regIme controlled by diffusion also offers further opuntimml advantages. First,
ecause diffusion coefficients for many chemicals fall in arel atively narrow range for e vanety
1Copynght 1992 by the Amezican swp‘yn'tll wnion
Paper aumber AW RO2560.
m&lsﬁf!w«'mmmm
This document s based o0 ‘\he original text supplied 1o WRR nod s such 3y Y25 atightly from the
published papes ‘Rob MeLaren, 208.
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Dense Fracture Network

Histogram: Fracture Apertures
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Simulated Plume Contours:
1 Dense Fracture Network
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These computer simulations are further
evidence for a dense network of
Interconnected fractures

The influence of matrix diffusion is
Increased with more fractures



FRACTRAN Simulated Plume Front Velocity
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428 wells used to define extent of groundwater contamination
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Key Finding

Groundwater plumes are stable and
the plume fronts are nearly stationary

- Plume Travel Distance

] Hypothetical Groundwater
c1 =) C17 @SS Travel Distance
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“Bell Canyon Seeps
Sampling

= Low-level detections of TCE
= and degradation products
4 at 3 on-site seeps
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Processes Influencing
Transport and Fate

How Contaminants Move - How Contaminants Change -
Transport Processes Reaction Processes
 Advection (Flow) « Sorption

— Groundwater — Adsorption

— DNAPL — Absorption
« Molecular Diffusion « Chemical Reactions

« Biological Reactions

Radioactive Decay
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ummary of Key Findings

Diffusion of contaminants readily occurs in sandstone and
shale and is a very important process at SSFL.

Nearly all the contaminant mass is in the low permeability
rock matrix.

Most of the contamination is found close to where it went
into the ground.

Groundwater plumes are now stable and plume fronts are
nearly stationary.

Contamination has not been found at offsite seeps.



Santa Susana Field Laboratory
Located on top of a sandstone
mountain (2850 acres)
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originating on the SSFL
discharges along slopes at b2
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no contaminants
found offsite.

Shale zones generally
lower bulk K
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